We report the discovery of 30 stars with extreme space velocities ( 480 km s −1 ) in the Gaia-DR2 archive. These stars are a subset of 1743 stars with high-precision parallax, large tangential velocity (v tan > 300 km s −1 ), and measured line-of-sight velocity in DR2. By tracing the orbits of the stars back in time, we find at least one of them is consistent with having been ejected by the supermassive black hole at the Galactic center. Another star has an orbit that passes near the Large Magellanic Cloud (LMC) about 200 Myr ago. Unlike previously discovered blue hypervelocity stars, our sample is metal-poor (−1.5 < [Fe/H] < −1.0) and quite old (> 1 Gyr). We discuss possible mechanisms for accelerating old stars to such extreme velocities. The high observed space density of this population, relative to potential acceleration mechanisms, implies that these stars are probably bound to the Milky Way. If they are bound, the discovery of this population would require a local escape speed of around ∼ 600 km s −1 and consequently imply a virial mass of M 200 ∼ 1.4 × 10 12 M ⊙ for the Milky Way.
INTRODUCTION
The origin of unbound stars with extremely large velocities in the halo of our Milky Way (MW) is currently unknown. So far, about 20 "hypervelocity stars" (HVSs) with velocities above 400-500 km s −1 have been identified in the distant halo, and most stars are confirmed to be young, massive stars such as B-type main sequence stars (e.g Brown 2015, and references therein). Since they are typically located over 50 kpc from star formation sites, these young stars are believed to be recently ejected from some star forming regions near the Galactic center, the MW stellar disk, or star-forming dwarf satellites of the Galaxy.
The most widely recognized mechanism to eject a star with a large velocity is associated with the supermassive black hole (SMBH) at the Galactic center. Hills (1988) and Yu & Tremaine (2003) theoretically proposed that the SMBH can disrupt a close binary system and eject a star with a velocity of ∼ 1000 km s −1 , which allows a young star to travel to the outer halo (∼ 50 kpc) during its lifetime.
Other possible ejection mechanisms include ejection of the binary companion of a star that explodes as a supernova (SN) (Blaauw 1961) , or the dynamical fewbody interactions in young dense star clusters (Leonard Email: khattori@umich.edu * Based on data from the Gaia-DR2 Archive 1991). Both mechanisms can produce ejection velocities from the stellar disk of ∼ 600 km s −1 for main-sequence stars.
Another possibility is the ejection from star-forming dwarf galaxies. For example, the Large Magellanic Cloud (LMC), which is located at a Galactocentric radius of r ∼ 50 kpc, is moving at 400 km s −1 with respect to the MW; so even a relatively small ejection velocity ∼ 200 km s −1 from the LMC could produce stars with extremely large velocities in the rest frame of the MW (Boubert & Evans 2016) .
Different mechanisms for producing HVSs predict different observational signatures in clustering, space motions and stellar populations. Precise positions and space velocities would permit backwards orbit integration to potential ejection locations (Bromley et al. 2009; Brown et al. 2015; Erkal et al. 2018; Marchetti et al. 2018; Brown et al. 2018) . Access to a sample of high velocity stars that is not restricted to young stars would be valuable (Kollmeier et al. 2010) , and would critically test ejection scenarios (e.g., Galactic center ejection should eject metal-rich stars with a range in ages). Since the term "hypervelocity stars" has primarily been used to refer to unbound stars ejected by the interaction of a stellar binary with a central black hole, we will refer to stars with large velocity as "extreme velocity stars" in order to be agnostic about the acceleration mechanism.
Local populations of stars with very high velocities are of interest for another reason: they provide candidates for measuring the local escape speed. Since the escape speed at a given radius in the MW depends on the mass beyond that radius, it is one of the few local measurements that provides constraints on the total mass of the MW. The current uncertainty in the mass of the MW is more than a factor of two, with values of M 200 ranging from 0.87 × 10 12 M ⊙ (Xue et al. 2008 ) to 2.6 × 10 12 M ⊙ (Watkins et al. 2010 ). More generally it has been found that measurements that rely on the kinematics of halo stars tend to yield systematically lower values than studies that use more distant satellites as kinematic tracers (Bland-Hawthorn & Gerhard 2016) . A difficulty with distant tracers is that their proper motions are unknown or highly uncertain. In contrast, measuring the total mass of the MW by estimating the local escape velocity (v esc ) from the 3D space velocity of a local sample of extremely high velocity stars provides a powerful alternative. Previous estimates of the mass of the MW from the determination of v esc have used line of sight velocities of stars from the RAVE survey (Smith et al. 2007; Piffl et al. 2014b) . The availability of a new local sample of sample of extremely high velocity stars is therefore significant.
The Gaia-DR2 archive, in providing accurate proper motions for > 100 million stars and radial velocities for a subset of over 7 million of them, permits a kinematic selection of 30 stars with high space velocity (Section 2). We use dust-corrected color-magnitude diagrams to characterize the sample (Section 3.1). Using Gaia phase space coordinates for each star and assuming a popular current model potential for the MW, we attempt to determine the ejection locations of these stars by integrating their orbits back in time (Section 3.3). We discuss possible acceleration mechanisms and the implications for the local escape velocity and the mass of the MW in Section 4.
SAMPLE SELECTION AND ORBIT COMPUTATION
Gaia DR2 includes 7,224,631 stars with line-of-sight velocities (v los ) obtained with the Gaia Radial Velocity Spectrometer (Gaia Collaboration et al. 2018a; Katz et al. 2018) . In this paper, we first select stars based on their high tangential velocities, and then use v los from Gaia to compute the total velocity v total for each star and thereby select the final sample. Therefore, by design, the total velocity v total of our sample stars is not dominated by v los ; therefore any errors in the measurement of v los should not seriously affect the number of extreme velocity stars. For a subset of stars with v los measurements from LAMOST or RAVE the reported values are quite consistent with Gaia RVS measurements.
We first identified 1743 candidate stars from the Gaia-DR2 archive that have: (i) high precision parallax (̟/δ̟ > 10) implying a distance accuracy of better than 10% (ensuring accurate tangential velocity measurements); (ii) measured v los ; and (iii) v tan > 300 km s −1 . Here, v tan is the Galactic rest frame tangential velocity corrected for the Solar reflex motion and is given by:
where k = 4.74047 km s −1 kpc −1 ( mas yr −1 ) −1 , ̟ is the parallax, (ℓ, b) are the Galactic longitude and latitude, (µ ℓ * , µ b ) are the associated proper motion components, and (U ⊙ , V ⊙ , W ⊙ ) = (11.1, 232.24, 7.25) km s −1 are the Galactocentric Solar velocity components. The Solar peculiar velocity is taken from Schönrich et al. (2010) , and we assume the Local Standard of Rest velocity of v 0 = 220 km s −1 . For these 1743 stars, we derive the 3D position and velocity in the Galactocentric rest frame by additionally taking into account v los from Gaia. Here, we assume that the Galactocentric distance of the Sun is R 0 = 8 kpc.
We assume a gravitational potential model for the MW, MWPotential2014 (Bovy 2015) , and evaluate the orbital energy E for each star. We use the as-observed 6D coordinates of each star and select 30 stars which are unbound (E > 0) or marginally bound (E > −0.1v 2 0 = −4840 km 2 s −2 ) in this potential. All of these stars lie within 8 kpc of the Solar position. For each of these 30 stars, we use Monte Carlo sampling to draw 1000 current positions and velocities from the error distribution around the observed 6D phase-space coordinates. Then we evaluate the probability of each star being unbound, P unb , in this potential. (In Section 4.2 we discuss further the validity of this assumption.) Hereafter we refer to these 30 stars as our "extreme velocity" sample based on the fact that they are determined to be unbound in this potential, but note that at least 20 additional stars in the full sample have comparable velocities. It is important to point out that our main conclusions are unaffected by how our extreme velocity sample is selected.
The sample is listed in Table 1 where stars are listed in decending order of their total energy E in this potential with the ith star in the table named Gaia-T-ESi (i = 1, · · · , 30).
We note that a recent paper by Marchetti et al. (2018) adopted a slightly different strategy from ours to select stars with large velocity. They adopted more conservative criteria for the quality of the Gaia astrometric solution (see conditions (i)-(v) in their section 4), while they allowed large formal errors on parallax or proper motion as long as the total velocity v total could be computed with < 20% error. In contrast we select those stars with large tangential velocity and small formal error on parallax (which results in small formal error on proper motion as well), but we do not adopt any cut on the quality of the astrometric solution. We have confirmed that the fractional error on v total in our sample is between 4-12%. The differences in the strategies adopted imply that our sample might include stars with large systematic errors on the astrometric solution (in spite of the small formal error on parallax). However, it is also true that their conservative cut on the quality of astrometric solution might potentially discard a lot of interesting candidate stars with small formal errors on parallax and propermotion. Also, they adopted a different potential model for the Milky Way, from the one used here, to select stars with high probability of being unbound. Thus, our study is complimentary to their work. Indeed, 6 stars in our final catalog 6, 7, 10, 11, 15) have high-quality astrometric data and are reported in Marchetti et al. (2018) . 8 stars 18, 22, 23, 24, 26, 27, 29) have high-quality astrometric data but are not reported in Marchetti et al. (2018) ; and indeed Gaia-T-ES22 and 29 turn out to have physically interesting orbits (see Section 3.3). The other 16 stars have lower-quality astrometric solutions according to their criteria. We expect that the quality of the data will be improved in future data releases from Gaia, so we believe that even the stars with lower-quality astrometric data in DR2 are worth analyzing. We note that exclusion of stars with lower-quality data will not alter the main conclusions of this paper.
3. OBSERVED PROPERTIES 3.1. Color-magnitude diagram A color-magnitude diagram of a subset of 18 (out of 30) extreme velocity stars is shown in Figure 2 . Colors and magnitudes have been corrected assuming a foreground dust screen following Schlegel et al. (1998) , recalibrated following Schlafly & Finkbeiner (2011) , and using approximate transformations A G ∼ A V and E(BP − RP ) ∼ 1.286E(V − I) following the leading terms of stellar color transformation of Evans et al. (2018) . This correction assumes that the stars lie behind a foreground dust screen. For stars with |b| < 15
• or derived A G > 0.3 mag, we are concerned that the total projected extinction estimates of Schlegel et al. (1998) are likely to overestimate extinction, and so we discard these stars from Figure 2 , focusing instead on the 18 stars (shown in red) that happen to lie on lines of sight with less problematic extinction estimates 1 . Figure 2 shows these extreme velocity stars superimposed on PARSEC isochrones (Bressan et al. 2012 ) for stellar populations with age 0.01-10 Gyr, and four different metallicities from 1/30 solar to solar metallicity. The bright absolute G-band magnitudes, red colors, and locations on the isochrones strongly suggest that this sample is dominated by evolved and metal-poor stars. The isochrones for solar metallicity stars (bottom right) are clearly inconsistent with this population. The top two panels suggest that these stars are low metallic-1 However the 12 stars excluded from the plot do not differ significantly from the 18 stars shown. Figure 1. The total velocity v total and the Galactocentric radius r for the 30 newly discovered extreme velocity stars (red dots with error bars). The gray dots correspond to 1713 bound stars with vtan > 300 km s −1 . Previously known hypervelocity star candidates (Brown 2015; Zheng et al. 2014; Huang et al. 2017) are also shown at r 20 kpc, with arrow marking their Galactic rest frame line-of-sight velocity used to indicate a lower bound on v total . The blue dashed line shows the Galactic escape velocity in the MWPotential2014 model (Bovy 2015) . Also plotted are the escape velocity curves for two models with higher dark halo mass.
ity (−1.5 < [Fe/H] < −1.0) and old (1-10 Gyr), with masses expected to be around 1M ⊙ or lower.
There is additional evidence supporting our claim that the stars in our sample are old and metal-poor. According to the Gaia-DR2 catalog, Gaia-T-ES14 is classified as an RR Lyrae star (RRab star), which suggests that this star is old (∼ 10 Gyr old). Also, we noticed that spectroscopic metallicity from RAVE Data Release 5 (Kunder et al. 2017 ) and/or LAMOST Data Release 3 (Cui et al. 2012; Zhao et al. 2012 ) is available for 6 stars in our sample 2 (see Table 2 ). These 6 stars show low metallicity of [M/H] −0.9, which reinforces our argument that most of our sample stars are old and metalpoor.
Our sample stars are clearly very different from previously known OB-type hypervelocity star candidates (Brown 2015) which are young and massive. We caution that our sample is restricted to stars with good paral- lax measurements in the Gaia-DR2 archive, and therefore our sample is highly biased in favor of intrinsically bright objects and is likely to be the tip of the iceberg in terms of the absolute magnitudes. But since no cuts were made on the basis of metallicity, the fact that all of the stars with known metallicity are metal-poor and the other stars are consistent with being metal-poor and old despite the fact that they are located in the solar neighborhood is striking evidence that most of our sample stars are not a disk or Galactic center population. Figure 3 shows the 30 extreme velocity stars in a Mollweide equal-area projection. It is clear that distribution of this sample on the sky is highly inhomogeneous. This inhomogeneous distribution is mainly due to our parallax precision cut. Since Gaia preferentially scans 3 the region roughly defined by 0 < ℓ/
Distribution across the sky
• < 180 and b > 0 • as well as 180 < ℓ/
• < 360 and b < 0 • , the typical quality of the astrometric solution is better for this region, resulting in larger (a factor of ∼ 2) volume accessible with our parallax precision cut (see Appendix A for more detail). Even though the interpretation of the distribution of our sample stars on the sky is complicated due to this • and AG < 0.3 mag), along with the PARSEC isochrone models with different metallicity and age. We can clearly see that most of our sample stars are evolved old stars and metal poor stars, suggesting that they do not originate in the stellar disk or the Galactic center.
selection effect, it is remarkable that our sample covers the entire area on the sky, unlike the blue hypervelocity star candidates which are mostly limited to the Northern sky (see figure 7 of Brown et al. 2014) .
Although Boubert et al. (2017) predicted that hypervelocity stars ejected from the LMC should produce a clustered distribution of stars on the sky (for stars located at heliocentric distances of ∼ 50 kpc), we caution that the apparent clustering of our extreme velocity sample near the LMC direction could be a mere coincidence. It is also clear from the radial velocities of this sample (indicated by the colored symbols in Fig. 3 ) that most of the stars located near the LMC have radial velocities that indicate that they are moving radially outwards and not inwards as would be expected if they been coming from the LMC. In Section 3.3, we analyze the orbits of our sample stars to reinforce this argument.
Orbit analysis
In order to infer the origin of our sample stars, we compute orbits for all 30 stars in our sample assuming the MWPotential2014 potential. Using the 6D phase space coordinates along with their errors we generate 1000 possible initial conditions for each star and evolve each one backward in time in the assumed MW potential to generate 1000 possible orbits for each star.
Similarly, we compute the orbit of the LMC (integrated back in time) in the same Galactic potential by assuming that the LMC is a test particle. We generate 1000 orbits by taking into account the current phase-space coordinate of the LMC; we assume that the line-of-sight velocity of the LMC is v los = 262.2 ± 3.4 km s −1 , its proper motion is (µ α * , µ δ ) = (1.850 ± 0.03, 0.234 ± 0.03) mas yr −1 (Gaia Collaboration et al. 2018b) , and its distance modulus is 18.50 ± 0.10 (Freedman et al. 2001) . The orbits are then used to infer the probability that a given star was ejected from the Galactic center, MW disk, or the LMC.
First, we find that 18 stars (Gaia-T-ES1-4, 9, 13-17, 20-22, 24, 26-29) have crossed the stellar disk of the MW at r < 30 kpc in the past. One of these stars, Gaia-T-ES29, has a probability P (r < 0.25 kpc) = 0.55 of crossing within 0.25 kpc from the Galactic center, and the flight time from the Galactic center to the current location is typically ∼ 9 Myr. Another star, Gaia-T-ES24, has a probability of P (r < 0.25 kpc) = 0.08 with typical flight time of ∼ 2 Gyr. Thus, these two stars (at least Gaia-T-ES29) are consistent with having been ejected from the Galactic center.
4 For the other 16 stars, we examined each disc crossing velocity, but all the disc crossing velocities are too large to be consistent with the ordinary disk ejection mechanisms (such as SN ejection or dynamical ejection in star clusters, which can eject giant stars with a velocity of at most 100 km s −1 in the frame of the disk streaming motion). While other mechanisms (Gualandris & Portegies Zwart 2007; Gvaramadze et al. 2009 ) that operate in young massive star clusters (interaction with an intermediate-mass black hole (IMBH) or a supermassive star both formed from runaway mergers of massive young stars) could eject giant stars with v ej > 600 km s −1 , it is unlikely that they were ejected recently from such a young cluster since our stars are old and metal poor. Furthermore, if these had been ejected from the stellar disk, the same mechanism should have also ejected younger and more metal rich stars which are not found in our kinematically selected sample.
Second, we find that 3 stars (Gaia-T-ES12, 21, 22) have orbits that have finite probability of having been ejected from the LMC. The most likely candidate star from the LMC is Gaia-T-ES22, which has a probability P (d LMC < 5 kpc) = 0.27 of passing within 5 kpc of the LMC at around 200 Myr ago. At the epoch of closest approach to the LMC, the relative velocity of Gaia-T-ES22 with respect to the center-of-mass of the LMC is ∼ 200 km s −1 . Taking into account the fact that the stellar disk of the LMC rotates with ∼ (80-90) km s −1 with respect to the center-of-mass of the LMC (Gaia Collaboration et al. 2018b; Vasiliev 2018b) , 4 We note that Marchetti et al. (2018) classified Gaia-T-ES7 to be consistent with having been ejected from the Galactic center. However, in our potential model, we found that the probability P (r < 0.25 kpc) is consistent with zero for this star, and P (r < 1 kpc) is as small as 0.002. This result demonstrates that adopting a slightly different potential model can affect the inference about the origin of our sample stars. Figure 4 illustrates the reconstructed orbits of these three stars as well as the LMC. We note that other authors have also identified escaping stars from the LMC from different catalogs. For example, Lennon et al. (2017) found a supergiant star whose velocity is consistent with originating from the LMC, and Erkal et al. (2018) found that a hypervelocity star candidate known as HVS3 (Brown 2015) has a high probability of having been ejected from the LMC.
It is important to point out that none of the orbits of the other stars located in the region of high clustering around the LMC (such as Gaia-T-ES5, 8, 14-17) have orbits that came close to the LMC in the past. In contrast Gaia-T-ES22, which has the highest probability of having been ejected from the LMC in our sample, is located on a part of the sky where Boubert & Evans (2016) predict the lowest density of hypervelocity stars from the LMC. We also note that Gaia-T-ES14 and 15 have similar orbital energy, angular momenta, positions, and velocities. Thus, these two stars might belong to an unknown stellar stream, which happens to be located near the line of sight to the LMC. A more sophisticated model that includes the gravitational potential of the LMC (see Erkal et al. 2018 for an example of such a model) is required before a definitive statement can be made about where in the LMC these stars were ejected from. However, our tentative result that at least one star has an orbit consistent with the LMC merits further investigation, since the orbits may dependent on the assumed model for the MW potential.
DISCUSSION 4.1. Mechanisms for accelerating stars with extreme velocities
We now discuss a few possible mechanisms for accelerating stars to extremely high velocities and discuss the likelihood that the stars in our sample were accelerated this way. Since only one or two of the stars in our sample is consistent with having been ejected from the Galactic center we do not discuss the Hills mechanism which is considered to be responsible for ejection of blue HVSs.
Ejection of the stellar binary companion of a Type Ia Supernova: -Type Ia supernovae (SN Ia) are thought to arise from the thermonuclear ignition and burning of a C/O white dwarf in a binary system. The event could be triggered by accretion from a main-sequence or giant star companion (single-degenerate scenario) or from another white dwarf (double-degenerate scenario). Liberation of giant companions of Type II supernovae was proposed Figure 4 . The reconstructed orbits of the LMC and three of our sample stars (Gaia-T-ES12,21,22) with appreciable probability of having been ejected from the LMC. Here, the orbit of the LMC is integrated backward for 500 Myr, while the orbits of three stars are integrated backward until the time of closest approach to the LMC (which corresponds to the ejection epoch from the LMC). The current locations of the Sun and the LMC are marked with large orange and blue symbols, respectively. The shaded plane represents the Galactic disk plane and the black plus sign (just behind the Sun) shows the location of the Galactic center.
to explain runaway OB stars (Blaauw 1961) . A similar process can also result in the ejection of companions of Type Ia SN progenitors. Shen et al. (2018) reported the discovery of three hypervelocity white dwarfs in the Gaia-DR2 sample which they propose are the liberated companions of double-degenerate Type Ia SN. The maximum ejection velocity of the companion star in such a scenario depends on the minimum orbital radius r min (since one can assume that the SN Ia progenitor has a mass of ≤ 1.4M ⊙ ), with r min limited by the radius of the companion star. The ejection velocity of a white dwarf in the double-degenerate scenario can be as high as several ∼ 1000 km s −1 (Shen et al. 2018) . A stellar companion of solar radius or smaller can achieve an ejection velocity of ∼ 600 km s −1 . In contrast, ejection velocities of giant stars (radii ∼ 10-30R ⊙ ) are expected to be significantly smaller (∼ 60-100 km s −1 ). While the precise radii of the extreme velocity stars in our sample are uncertain, their locations on the color-magnitude diagram indicate that they should be greater than 10R ⊙ . Their observed space velocities ( 480 km s −1 ) are clearly too large for them to have been accelerated to their observed velocities following a recent ejection from the MW disk.
However, since the stars in our sample have ages and metallicities that are consistent with the populations of globular clusters, where the probability of forming stellar binaries is high, it is possible that these stars were once main-sequence companions of single degenerate SN Ia that detonated inside globular clusters. Since globular clusters orbit the halo with space velocities of ∼ 300-400 km s −1 (Gaia Collaboration et al. 2018b ), the stellar companion of such a SN Ia which is ejected when the globular cluster is near its apocenter could attain a velocity of ∼ 500 km s −1 by the time it passes through the solar neighborhood (which is near the pericenter of the orbit).
The ages and metallicities of stars with possible LMC origin are similar to the rest of the sample and also consistent with the ages and metallicities of LMC globular clusters (Beaulieu et al. 1999) . It is therefore plausible that the extreme velocity stars in our sample were once members of stellar binaries in globular clusters, either in the MW or in the LMC.
According to LAMOST Data Release 3, Gaia-T-ES22, whose orbit is consistent with originating from LMC, has a low metallicity of [M/H]=−1.308 ± 0.301. This metallicity corresponds to the low-metallicity tail of metallicity distribution of the LMC's inner stellar disk (Pompéia et al. 2008; Olsen et al. 2011) , and consistent with the metallicities of some globular clusters near the central region of the LMC such as NGC 1898 (Olsen et al. 1998; Johnson et al. 2006) , NGC 1928 (Mackey & Gilmore 2004) , and NGC 2019 (Olsen et al. 1998; Grocholski et al. 2006; Johnson et al. 2006) . Detailed chemical information of Gaia-T-ES22 and comparison with other stars in the LMC is required to better understand the origin of this star.
Interaction of stellar binaries with an IMBH: -Super massive stars of 800-3000M ⊙ have been proposed to form as a result of runaway mergers of individual stars (Portegies Zwart et al. 2004) or via three-body encounters of massive stars with stellar binaries (Gürkan et al. 2006) in young dense star clusters. Such massive stars can ultimately collapse to form an IMBH within about 10 Myr. The presence of such an IMBH in a dense star cluster could result in frequent strong encounters with stellar binaries. Assuming that young dense star clusters can contain IMBH of mass between 10 2 -10 4 M ⊙ , Gualandris & Portegies Zwart (2007) used a large suite of simulations to show that it was possible to achieve ejection velocities of v ej > 500 km s −1 for M IMBH > 10 3 M ⊙ with the Hills mechanism. However, since the extreme velocity stars in our population are old and metal-poor, it seems unlikely that they were ejected by IMBHs in young star clusters in either the MW disk or the LMC.
It has also been proposed that IMBH could grow via binary star interactions with ∼ 50 M ⊙ black holes in globular clusters (Miller & Hamilton 2002) . Dynamical modeling of the kinematics of stars at the centers of globular clusters has also been used to argue for the existence of 10 3 -10 4 M ⊙ IMBH in globular clusters like M15 (in the MW) and G1 (in M31) (e.g., Gerssen et al. 2002; Gebhardt et al. 2005; Lützgendorf et al. 2013) . However these results are controversial since the kinematical data can generally also be explained by a dense concentration of stars instead of an IMBH (van den Bosch et al. 2006) , and stringent limits on the continuum radio flux from possible IMBHs at the centers of globular clusters (Strader et al. 2012) imply that their accretion rates are extremely low, if they exist. If an IMBH resides at the center of a globular cluster, it quite could easily eject stars via the Hills mechanism.
Tidal stream debris from satellites: -Many of the dwarf spheroidal satellites of the MW, and the outskirts of the LMC, have relatively old and metal-poor stellar populations. When a satellite is disrupted, some of the stars become bound to the MW, and some become unbound and eventually escape. It is therefore plausible that some of the extreme velocity stars could be associated with tidal debris from accreted satellites that traveled close to the Galactic center (Abadi et al. 2009; Teyssier et al. 2009 ), or accreted material from the LMC. Detailed stellar abundances of the stars in our sample may help to make a more definitive statement regarding their origin.
Arguments for a higher escape velocity
In order to explore the implications of the observed space density of extreme velocity stars, we compare possible production rates of ejected stars from globular clusters (via SN-Ia or IMBH-binary star ejections) with rates needed to replenish the extreme velocity star population if they are all escaping.
Assuming that ∼ 25 stars not originating from the LMC were ejected from globular clusters in the MW, and based on their observed volume density (within a sphere of radius 8 kpc) we estimate that there should be ∼ 10 3 similarly old, metal-poor giant stars within 30 kpc (the radius containing most of the MW globular clusters). Correcting for the rarity of giant stars (using PARSEC isochrones) we estimate a total of ∼ 10 6 extreme velocity stars within 30 kpc. If unbound, these stars would escape from this region in ∼ 10 8 yr and would require a SN Ia ejection rate of ∼ 10 −2 yr −1 . Based on the work of Voss & Nelemans (2012) , we optimistically estimate the SN Ia rate in the globular cluster population to be at most ∼ 10 −4 yr −1 , a factor of 100 too small to account for the observed number of extreme velocity stars. Gualandris & Portegies Zwart (2007) find that interactions of stellar binaries with a 10 3 M ⊙ -IMBH occurring with an impact parameter of < 1AU can result in the capture of one star and the ejection of the other with a probability of 0.5. If IMBHs do exist in globular clusters, assuming typical values for the central stellar velocity dispersion (∼ 10 km s −1 ) and central stellar number density (10 3 pc −3 ), it is straightforward to estimate that the rate at which stars can be ejected by the IMBH is no more than ∼ 10 −8 yr −1 per globular cluster, which is orders of magnitude low to account for the observed population of extreme velocity stars. If the observed extreme velocity stars are indeed unbound, both mechanisms fall short by factors of 100 or more in being able to produce extreme velocity stars at the rate necessary to compensate for their escape from the MW.
In fact, the simplest explanation for the observed population is that regardless of how they are accelerated to these velocities the observed stars are in fact bound to the MW. In Figure 1 the blue dashed line shows the escape velocity curve for the MWPotential2014 potential while the brown and magenta dashed lines show the escape velocity curves for two higher mass halos (with the same baryonic mass distribution and almost identical rotation curves within r < 8 kpc). It is clear that a MW that is ∼ 2 times more massive than the MWPotential2014 model is massive enough to bind the stars in our sample. Based on this figure we estimate a local escape speed of v esc ∼ 600 km s −1 . Also, we tentatively estimate the virial mass to be M 200 ∼ 1.4 × 10 12 M ⊙ , although the estimate for M 200 clearly needs more sophisticated analysis and should be compared with the dark halo mass derived from other methods (e.g., Gnedin et al. 2010; Peñarrubia et al. 2016 ). Our value is in the middle of the range of recent values and consistent with two very recent estimates obtained using proper motions of halo globular clusters and satellites obtained with Gaia DR2 (Posti & Helmi 2018; Watkins et al. 2018) . We also note that the number of our sample stars with positive and negative v r are more or less comparable (see Table 1 ), which is reasonable if these stars are bound population.
Our rough estimate of the local escape velocity is somewhat larger than previous measurements based on sophisticated modeling of local populations of stars. For example, Piffl et al. (2014b) used RAVE data to derive 5. CONCLUSIONS We have discovered 30 new extreme velocity stars in the Gaia-DR2 archive. Our sample size is comparable to the number of known blue hypervelocity stars in the distant halo. A comparison of the dust-corrected colormagnitude diagram for this sample with the PARSEC isochrones indicates that, unlike previously discovered blue hypervelocity stars, these stars are old and metalpoor and are most similar to the stellar populations in globular clusters or in the stellar halo. Using 6D phase space coordinates from Gaia, we compute the orbits of all the stars in our sample and conclude that up to three of the stars are consistent with having been ejected from the LMC, one or two stars are consistent with having been ejected from the Galactic center, and the rest are halo objects of currently undetermined origin. Since these stars are bright, detailed abundances can yield more evidence on their origin.
While these stars have space velocities implying that they are unbound in the MWPotential2014 potential (Bovy 2015) , they would be bound if the local escape velocity is ∼ 600 km s −1 (which is higher than recent estimates by ∼ 13%). This might also imply that the dark matter mass of the MW is M 200 ∼ 1.4 × 10 12 M ⊙ , which is ∼ 2 times larger than that of MWPotential2014 but completely consistent with two recent estimates obtained with kinematics of globular clusters from Gaia DR2 (Posti & Helmi 2018; Watkins et al. 2018) . • with measured v los in Gaia DR2 and with ̟ < 0.5 mas. (b) A subset of stars on panel (a) with good parallax (̟/δ̟ > 10). (c) Our initial sample of 1743 stars with measured v los , good parallax (̟/δ̟ > 10), and large tangential velocity vtan > 300 km s −1 (see Section 2). As a reference, we also plot the location of the LMC in all of these panels.
APPENDIX
A. SELECTION EFFECT IN HIGH PARALLAX-PRECISION SAMPLE As mentioned in Section 3.2, our sample may be affected by our cut of ̟/δ̟ > 10 (high signal-to-noise ratio of parallax). Here we illustrate this selection effect.
Figure 5(a) shows the distribution of randomly selected stars (N = 5089) in Gaia DR2 with measured line-of-sight velocities (v los ) that have |b| > 15
• and ̟ < 0.5 mas. (We note that this sample is completely independent from the kinematically selected sample in the main text.) We see that the distribution of the stars is symmetric around both ℓ = 0
• and b = 0 • , reflecting the symmetry of the stellar disk. Figure 5(b) shows the distribution of a subset of stars (N = 2271) in panel (a) which have high precision parallax, ̟/δ̟ > 10. As we can clearly see, our cut in ̟/δ̟ introduces an asymmetric distribution of stars across the sky. At 180 < ℓ/
• < 360 (right-hand side of the panel), we see more stars with high-precision parallax at b < 0 • (near the LMC direction), while an opposite asymmetry is seen at 0 < ℓ/
• < 180. As briefly mentioned in Section 3.2, this is a result of the Gaia scanning law: regions on the sky with more observations by Gaia result in more stars with precise parallax measurements.
Figure 5(c) shows the distribution of our initial sample of 1743 stars (see Section 2). These stars are selected not only because their v los is measured by Gaia and they have high-precision parallax, but also because they have large tangential velocity, v tan > 300 km s −1 . In panel (c), we see an asymmetric distribution of stars similar to that in panel (b). The selection in v tan is not expected to create asymmetric distribution of stars at b > 0
• and b < 0 • at a given value of ℓ, so we regard this asymmetric distribution is a result of our cut in ̟/δ̟. Since we see a similar pattern on the sky in Figure 3 , we infer that the inhomogeneous distribution of our extreme velocity stars (N = 30) seems to arise from our cut in ̟/δ̟.
